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Over the past decades, several ideas and technologies have been developed to directly detect
weakly interacting massive particle (WIMP) from the galactic halo. All these detection strategies
share the common goal of discriminating a WIMP signal from the residual backgrounds. By directly
detecting WIMPs, one can measure some or all of the observables associated to each nuclear recoil
candidates, such as their energy and direction. In this study, we compare and examine the discovery
potentials of each readout strategies from counting only (bubble chambers) to directional detectors
(Time Projection Chambers) with 1d-, 2d-, and 3d-sensitivity. Using a profile likelihood analysis,
we show that, in the case of a large and irreducible background contamination characterized by an
energy distribution similar to the expected WIMP signal, directional information can improve the
sensitivity of the experiment by several orders of magnitude. We also found that 1d directional
detection is only less effective than a full 3d directional sensitivity by about a factor of 3, or 10 if
we assume no sense recognition, still improving by a factor of 2 or more if only the energy of the
events is being measured.
PACS numbers: 95.35.+d; 95.85.Pw
I. INTRODUCTION
An ever increasing body of evidence supports the
existence of cold dark matter (CDM) as a major con-
tribution to the matter budget of the Universe. On
the largest scale, cosmological measurements [1] tightly
constrain the CDM relic density whereas on a local scale,
measurements of the rotation curves of spiral galaxies,
including the Milky Way, indicates that they should
be embedded in a dark matter halo [2, 3]. A leading
candidate for this dark matter is a yet-to-be-discovered
weakly interacting massive particle (WIMP) which
could directly interact with detectors based on Earth
leading to keV-scale nuclear recoils. Direct detection
experiments are now probing well-motivated extensions
to the standard model which naturally predict dark
matter candidates [4–6]. However, as dark matter
detectors are rapidly improving in sensitivity [7], they
will encounter the neutrino background, at which point
Solar, atmospheric, and diffuse supernova neutrinos will
interfere with a potential dark matter signal [8–12].
Moreover, the recent controversy in the low-mass WIMP
region ∼ O(10 GeV/c2), where several dark matter hints
are inconsistent with null results [13], highlights the
need for additional discrimination power between WIMP
events and backgrounds in order to clearly authenticate
a genuine WIMP signal.
Several ideas and detector readouts have been devel-
oped over the past decades that allows to detect keV-
scale nuclear recoils as produced by O(10-1000) GeV/c2
WIMPs. As of today, the main categories of experiments
are: cryogenic semiconductor detectors [14–17], single-
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(liquid) and dual-phase (liquid/gas) Argon or Xenon
Time Projection Chambers (TPC) [18–21], bubble cham-
bers operating such that they are only sensitive to nuclear
recoils [22–24], and low-pressure gaseous TPC aiming at
measuring both the energy and the track of the recoiling
nucleus [25–28]. Each of these detection techniques share
the common goal of discriminating a potential WIMP sig-
nal from residual backgrounds by either comparing the
different amount of energy released in scintillation, ion-
ization and heat, and/or using pulse shape discrimina-
tion. Depending on the readout strategy being consid-
ered, direct detection experiments can have access to the
number of WIMP candidates contained in the data set,
their recoil energies and directions. In this study we want
to compare the different readout strategies by evaluating
their discovery potential in various experimental condi-
tions, especially when the data set is contaminated with
some irreducible backgrounds.
This paper is organized as follows. In Sec. II, we briefly
review the dark matter rate calculations with a particular
emphasis on the directionality of WIMP induced events
in both the galactic and detector-based coordinates. We
then discuss the analysis methodology used to compare
the discovery reach associated to each readout strategies
in Sec. III and discuss the detector configurations used in
our simulations in Sec. IV. Finally, we present our results
in Sec. V and conclude in the last section.
II. DIRECT DETECTION OF DARK MATTER
Direct dark matter detection aims at detecting elastic
scattering between a WIMP from the galactic halo and
the detector material. The differential event rate as a
function of both the recoil energy (Er) and direction in
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2the lab frame (Ωr) is given by
d2R
dErdΩr
= MT × ρ0σ0
4pimχµ2N
F 2(Er)fˆ(vmin, qˆ; t), (1)
with mχ the WIMP mass, µN the WIMP-nucleus re-
duced mass, ρ0 the local dark matter density, and σ0 is
the WIMP-nucleus cross section. F (Er) is the nuclear
form factor that corresponds to the Fourier transform of
the nuclear density distribution and describes the loss
of coherence for nonzero momentum transfer. Note that
its expression depends on the nature of interaction: spin
independent (SI) or spin dependent (SD) [29]. M and
T are, respectively, the detector mass and the exposition
time of the experiment. vmin is the minimal WIMP veloc-
ity required to produce a nuclear recoil of energy Er and
qˆ is its direction in the detector (lab) frame at the side-
real time t. Finally, fˆ(vmin, qˆ) is the three-dimensional
Radon transform of the WIMP velocity distribution f(~v)
which has the following expression for the standard halo
model (SHM) [30]:
fˆ(vmin, qˆ; t) =
1
(2piσ2v)
1/2
exp
[
− [vmin + qˆ.~vlab]
2
2σ2v
]
. (2)
where σv = v0/
√
2 is the isotropic velocity dispersion,
v0 is the circular velocity taken to be equal to 220 km/s
in the following and ~vlab is the lab velocity vector with
respect to the Galactic rest frame. The latter will be fur-
ther detailed below. As one can see from this equation,
the directional rate is maximum when qˆ.~vlab = −vmin
(maximum along a ring, see [31]), if vmin < vlab, or when
qˆ = −~vlab otherwise (dipole feature, see [32]). There-
fore, we can see that the recoil direction is strongly cor-
related with the lab’s motion in the galactic frame, which
will lead to a nonambiguous authentication of a genuine
WIMP signal [33, 34].
Note that we have considered the SHM model even
though recent results from N-body simulations indicate
that this Maxwell-Boltzmann assumption might be an
oversimplification [35–37]. Further, the existence of
many possible substructures such as streams and a dark
disk could create distinct features in the velocity distri-
bution [38–42], and then have important implications in
the interpretation of dark matter data. However, since
the goal of this paper is to compare different readout
strategies within a consistent picture to what is being
used to derive existing constraints, we will consider this
simplified halo model.
As discussed above, the directional event rate is
strongly correlated to the lab velocity vector in the galac-
tic rest frame. It is given by the sum of the rotation of
the solar system around the galactic center ~vGalRot, the
Solar System peculiar velocity ~vSolar, the Earth’s revo-
lution ~vEarthRev and the Earth’s rotation ~vEarthRot. In-
terestingly, ~vEarthRev and ~vEarthRot are, respectively, re-
sponsible for the annual [43] and diurnal [44] modulation
effects. However, their contributions are negligible com-
pared to ~vGalRot. In the following we will therefore only
consider this dominant contribution, i.e., the detector
velocity is such that ~vlab = ~vGalRot where vGalRot = 220
km/s along the galactic yˆG axis pointing toward the con-
stellation Cygnus at (l = 90◦, b = 0◦). As we will be
considering both 1d and 2d directional readouts in the
following, it is necessary to perform coordinate transfor-
mations from the galactic to the detector rest frame in
order to estimate the directional signals as observed by
such detectors [44]. In the following, we will consider a
detector with the xˆ, yˆ, and zˆ axes pointing toward the
North, the West and the Zenith directions respectively.
For a detector located at a latitude λlab = 90
◦, i.e., at
the North Pole, zˆ is aligned with the spin axis of the
Earth. Finally, in the detector frame, the direction of a
recoil is given by the angle θ and φ defined as such:
qˆ = sin θ cosφxˆ+ sin θ sinφyˆ + cos θzˆ (3)
Figure 1 (left panel) shows the evolution of the di-
rection of vˆlab in the detector’s coordinates system as a
function of sidereal time for λlab varying from -90
◦ to
90◦. The middle and right panels illustrate the angular
distributions of WIMP induced nuclear recoils at 50 keV
as observed in the detector’s frame, at different sidereal
time, along the θ and φ angles. These calculations have
been performed considering a Xe-based experiment lo-
cated in the underground laboratory of Modane (LSM)
(λlab = 45.2
◦) with a WIMP mass of 50 GeV/c2. As one
can see from Fig. 1, due to the Earth’s revolution, the
directional dark matter event rate is highly dependent
on the sidereal time and on the latitude at which the
experiment is located. It is also worth noticing that an
experiment only sensitive to the θ angle (1d direction-
ality) or the φ angle (2d directionality) should still be
able to distinguish between a dark matter signal and an
isotropic background.
III. ANALYSIS METHODOLOGY
In this section we introduce the analysis methodology
used in the following in order to assess the discovery po-
tential of each readout strategies. Discovery limits were
first introduced in [45], in the context of directional de-
tection, and are defined such that if the true WIMP
model lies above such limit, then an experiment has a
90% chance to get at least a 3σ discovery. The calcula-
tion of the discovery significance is based on the standard
profile likelihood ratio test statistic [46] where the likeli-
hood function is defined as,
L (σχ−n, Rb) =
e−(µχ+µb)
N!
×
N∏
i=1
[µχfχ(~qi; ti) + µbfb(~qi)]×L (Rb),
(4)
where µχ, µb and N are, respectively, the expected num-
ber of WIMP and background events, and the total num-
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FIG. 1: Left: Evolution of the direction pointing toward the constellation Cygnus over a sidereal day in the detector’s coordi-
nates. Middle and right: Angular distributions of WIMP induced nuclear recoils at 50 keV in the detector frame along the θ
(middle) and φ (right) angles over a sidereal day. We assumed a Xe-based experiment located in Modane and a WIMP mass
of 50 GeV/c2. The black dashed line correspond to an isotropic distribution.
ber of observed events. Note that µb = Rb ×MT where
Rb is the background rate. fχ and fb are the unit nor-
malized event distributions for the WIMP and the back-
ground contributions. ~qi corresponds to the set of observ-
ables {Er, θr, φr}, depending on the readout considered,
associated to each observed nuclear recoil, and ti is its
sidereal time. Finally, L (Rb) is the likelihood function
related to the background rate of the experiment. The
latter is parametrized as a Gaussian distribution with a
standard deviation given by the relative uncertainty on
the expected background rate σRb .
The profile likelihood ratio corresponds to a hypothe-
sis test against the null hypothesis H0 (background only)
and the alternative H1, which includes both background
and signal, while incorporating any type of systematic
uncertainties such as the background normalization. In
the context of a discovery significance estimate, we are in-
terested in testing the background only hypothesis (H0)
on the data and try to reject it using the following like-
lihood ratio:
λ(0) =
L (σχ−n = 0,
ˆˆ
Rb)
L (σˆχ−n, Rˆb)
, (5)
where
ˆˆ
Rb denotes the values of Rb that maximizes L
for the specified σχ−n = 0, i.e., we are profiling over
Rb which is considered as a nuisance parameter. As dis-
cussed in Ref. [46], the test statistic q0 is then defined
as:
q0 =
{ −2 lnλ(0) σˆχ−n > 0
0 σˆχ−n < 0.
(6)
As one can deduce from such test, a large value of q0
implies a large discrepancy between the two hypotheses,
which is in favor of a discovery interpretation. Following
Wilk’s theorem, q0 asymptotically follows a half χ
2 dis-
tribution with one degree of freedom (see Ref.[46] for a
more detailed discussion). In such a case, the significance
Z in units of sigmas of the detection is simply given by
Z =
√
qobs0 .
It is worth noticing that such analysis methodology is
particularly relevant to recent dark matter searches anal-
yses and was first introduced by the XENON10 collabo-
ration [47]. Today, many experiments, such as LUX [18],
CDMS [48, 49], and CoGeNT [16], are also using likeli-
hood approaches as their background estimates and re-
lated systematics, based on simulations and calibration
data, are getting more and more reliable. The great in-
terest of using likelihood analyses is that they offer a
possible interpretation of the data, assuming that both
the signal and background models are accurate, and lead
to the best dark matter sensitivity.
IV. DETECTOR CONFIGURATION
In this section, we describe the characteristics of
the detector considered hereafter. Unless otherwise
stated, we will consider a Xe-based experiment located
in Modane (λlab = 45.2
◦) with a nuclear recoil energy
range from 5 to 100 keV. As mentioned above, we will
assume that the detector’s reference frame is such that
xˆ, yˆ, and zˆ are, respectively, pointing toward the North,
West, and Zenith directions and that the θ and φ angles
are defined as in Eq. (3). In all results shown below, we
will assume a WIMP mass of 50 GeV/c2 which leads to
a mean recoil energy of ∼10 keV and is usually where
most Xenon-based experiments have their best WIMP
sensitivities. Neglecting the impact of the form factor
which varies from target to target, equivalent directional
signals can be found by adjusting the energy range for
each target [33]. For example, a similar WIMP-induced
recoil distribution would be obtained for 19F target with
3 ≤ Er ≤ 60 keV. In the following, we will consider 5
types of detector readout strategies:
• Counting experiment: the detector is only able
to measure a total number of events above some
threshold. This is the case for the bubble cham-
ber experiments [13], which adjust their operating
pressure to nucleate a single bubble from a nuclear
4recoil.
• Energy: this category corresponds to the bulk
part of direct detection experiments where only
the energy of the events is being measured [13].
The kinetic energy of the recoiling nucleus is,
in most cases, derived from multiple component
measurements: heat/ionization for semiconduc-
tor cryogenic detectors, ionization and scintillation
such as Xe- and Ar-based dual-phase TPCs, and
heat/scintillation for cryogenic scintillating crys-
tals.
• Energy + 3d: The energy and the track of the re-
coiling nucleus are fully measured. This is the ul-
timate readout strategy that fully exploit the in-
formation from the expected WIMP signal. Cur-
rent directional experiments are using low-pressure
gaseous TPC in order to get few mm tracks associ-
ated to O(10) keV nuclear recoils. For 3D sensitive
directional detectors, the track is measured by sam-
pling over time the 2 dimensional projection of the
ionization-induced electron cloud on a pixelized an-
ode (see [50] and references therein). The drawback
of such detection techniques is that current direc-
tional detectors only have about ∼0.1 kg of target
material and are therefore not yet competitive with
the above mentioned experiments.
• Energy + 2d: The energy is being measured as
well as the 2d projection of the recoil track onto
the (x,y) plane of the detector to have access to
the φ angle. This is the case of most current direc-
tional detectors that do not have access to a time
sampling of the track projection on the anode [50].
• Energy + 1d: The energy is being measured as well
as the 1d projection of the track along the z-axis to
have access to the θ angle. This would be the case
for a dual-phase Xe or Ar TPC looking for colum-
nar recombination where the electric field would be
aligned along the z-axis, taken to be pointing to-
ward the zenith direction. Note that such detection
technique has only very recently been suggested by
D. Nygren [51] but has generated an increasing in-
terest. So far, we have no experimental evidence
that such effect would be measurable at the keV-
scale as it requires both tracks sufficiently long and
high energy resolutions on both the ionization (S2)
and scintillation (S1) channels. So far, only the
SCENE collaboration has seen a possible deviation,
at ∼60 keV for Argon recoils, in the S1 signal be-
tween tracks selected to be perpendicular or paral-
lel to the electric field [52]. Although several ideas
on how to enhance this columnar recombination ef-
fect exist [51], we are not yet at the stage where
such detectors are able to realize a highly efficient
directional detection of dark matter. However, it is
certainly worth looking into the discovery potential
of an hypothetical 1d directional sensitivity espe-
cially as such detectors would not suffer from low-
mass target material, unlike gaseous directional de-
tectors. Also, it is worth noticing that this work is
the first addressing the discovery potential of such
1d directional readout.
For all readouts, unless otherwise stated, we will con-
sider the case of an ideal detector as this study is meant
to compare the ultimate reach of each of these detection
techniques. Moreover, a comprehensive study of the im-
pact of realistic detector limitations, such as energy and
angular resolutions and energy thresholds, has been done
in [45] where a similar profile likelihood technique were
used.
V. RESULTS
This section is dedicated to presenting our results in
the comparison of the different type of readouts that
are sensitive to the different observables of a potential
WIMP signal: number of WIMP induced nuclear recoils,
their energy and their direction. Throughout this
study, we considered an isotropic background with an
exponential energy distribution with a slope of either
10 keV or 100 keV. The motivation for choosing an
isotropic residual background comes from the fact that
residual neutrons in an underground laboratory have
been estimated to closely follow an isotropic distribu-
tion [53]. The relative uncertainty on the background
rate estimate is taken to be equal to σRb = 20% which
is of similar order to what was considered in the recent
LUX analysis [18] and is comparable to uncertainties on
the ultimate neutrino background [11, 12].
Figure 2 shows the evolution of the number of WIMP
events required to get a 3σ detection significance in 90%
of the experiments as a function of the signal purity
λ = µχ/(µχ + µb) for all 5 readout strategies. The left
and right panels correspond to a background energy slope
of 100 keV and 10 keV respectively. Note that in the
10 keV case (right panel), the energy distribution of the
background and the one induced by a 50 GeV/c2 WIMP
are very similar. From Fig. 2 (both panels) one can see
that the number of required WIMP events to achieve a
significant dark matter discovery increases as the signal
purity decreases. Also, one can notice that the “count-
ing” readout, which cannot distinguish a genuine WIMP
event from the background, saturates around λ = 0.4.
This comes from the fact that below such value, the back-
ground contribution is so important that because of its
associated normalization uncertainty σRb it is not pos-
sible to get a significant discovery anymore. Note that
the breaking point λ = 0.4 only depends on the relative
uncertainty on the background normalization considered.
Indeed, if σRb increases, this breaking point tends to val-
ues closer to λ = 1. For example, with σRb = 50% we
found this breaking point to be equal to λ = 0.7.
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FIG. 2: Number of WIMP events required to get a 3σ detection in 90% of the experiment as a function of the signal purity λ
for all different types of readout: counting only (black dotted line), Energy only (black dashed line), Energy + 1d, 2d and 3d
directionality (red, blue, and green solid lines, respectively). We considered a Xe-based experiment located in Modane with a
recoil energy range from 5 keV to 100 keV and a 50 GeV/c2 WIMP mass. Left (right) panel assumes an isotropic background
with an exponential energy distribution with a slope of 100 (10) keV. Small fluctuations in the results are due to the finite size
of the Monte Carlo simulations of 1000 samples.
As one can see from Fig. 2 (left panel), where we expect
a reasonable discrimination in energy between the WIMP
signal and the background, that the “Energy only” and
the four directional readouts give comparable sensitiv-
ities. As a matter of fact, at the lowest signal purity
λ = 0.1, we find that the number of required events to
reach a high significance discovery using only the infor-
mation in energy is about a factor 1.6 higher than if this
information is combined with a full 3d track measure-
ment. This means that the 50 GeV/c2 WIMP energy
distribution is sufficiently different from the one of an
exponential background with a slope of 100 keV that di-
rectional information does not completely overcome the
“Energy only” readout used by most direct detection ex-
periment. Additionally one can notice that 2d and 1d
readouts are roughly comparable and about only a fac-
tor 1.3 worse, at the lowest signal purities, than a 3d
readout.
From Fig. 2 (right panel), one can see that the results
are significantly different if we consider a background
model characterized by an energy distribution that
mimics very well the expected WIMP induced energy
distribution. Indeed, in such a case, measuring only the
energy of the events does not bring discrimination power
between the two hypotheses. As a matter of fact, one
can see that the “Energy only” scenario is equivalent
to the “Counting only” scenario down to λ = 0.5.
However, below such signal purity, one can see that the
number of required WIMP events jumps to about 1000
at λ = 0.4 but does not saturate unlike the “Counting
only” case. This is explained by the fact that the two
spectra, WIMP and background, are not exactly alike,
especially in the tail as the WIMP energy distribution is
not exactly an exponential distribution. Therefore with
sufficiently high statistics, one can discriminate between
the WIMP and the background hypotheses. This is
why the “Energy only” case can still perform a high
significance detection of dark matter below λ = 0.4 but
at the price of a huge increase in exposure. Unlike the
energy spectrum, no background can potentially mimic
exactly the directional distribution of WIMP induced
nuclear recoils. Therefore, no matter the level of signal
purity, there is always sufficient discrimination between
the WIMP and background events to reach a highly
significant dark matter detection even with only a 2d or
a 1d readout, as shown in Fig. 2. The interest of such
study is that it gives us a sense on how each directional
readout strategies perform compare to each other when
the discrimination along the energy alone is negligible.
As one can see, all three directional readout strategies
are about 2 orders of magnitude below the “Energy
only” case. Furthermore, one can see that at the lowest
signal purity, the 3d readout outperforms the 1d and 2d
readouts by about a factor 1.8 and 2.5, respectively.
Figure 3 shows the evolution of the discovery limit for a
SI interaction and for a fixed WIMP mass of 50 GeV/c2
as a function of the exposure for all types of readouts.
One can see that for low exposures, where the number of
expect background events is very low (below 0.1), the dis-
covery sensitivity evolves as 1/MT similarly for all read-
out strategies. Once the experiments start to be sensitive
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FIG. 3: Evolution of the discovery limit for a SI interaction
for a 50 GeV/c2 WIMP mass as a function of the number of
expected background events (exposure) for all different types
of readout: counting only (black dotted line), counting only
including the effect of annual modulation (black short-dotted
line), Energy only (black dashed line), Energy + 1d, 2d and
3d directionality (red, blue, and green solid lines respectively).
We considered a Xe-based experiment located in Modane with
a recoil energy range from 5 keV to 100 keV, a background
rate of 100 events/ton/year, a systematic uncertainty of σRb =
20%, and an exponential slope of 10 keV. Small fluctuations
in the results are due to the finite size of the Monte Carlo
simulations of 1000 samples.
to the background contamination, we can observe differ-
ent behaviors. The “Counting only” case saturates for an
expected number of background events higher than 100
as no background subtraction is possible. For complete-
ness, the effect of annual modulation on the “Counting
only” case has also been investigated and is shown to
only improve on the sensitivity at very high exposures
due to the small (∼ 2%) modulation in the event rate
expected for such WIMP mass, recoil energy range and
background rate uncertainties. Note that no improve-
ments were found by taking into account annual mod-
ulation effects with the other readout strategies. In the
“Energy only” case, the sensitivity has a similar behavior
than the “Counting” case as the background and WIMP
energy spectra are very similar. However, for expected
number of background events higher than 1000, the small
differences in the two energy distributions allow the “En-
ergy only” readout to perform some background subtrac-
tion hence leading to a sensitivity scaling as 1/
√
MT .
Note that this behavior is very similar to what was ob-
served in the case of the neutrino background [12]. Inter-
estingly, one can see that all three directional readouts
have sufficient discrimination as they directly get to a
background subtraction mode, characterized by a sensi-
tivity scaling as 1/
√
MT , when the background becomes
important enough. Finally, from Fig. 3 we can deduce
that to probe a 10−46 cm2 SI cross section, one would
need 100 times more exposure with an “Energy only”
readout than with a fully directional detector. A 1d and
Laboratory latitude [degrees]0 20 40 60 80
N
um
be
r o
f W
IM
P 
ev
en
ts
0
50
100
150
1-d + Energy
2-d + Energy
3-d + Energy
FIG. 4: Number of WIMP events required to get a 3σ detec-
tion in 90% of the experiment as a function of the detector
latitude λlab for all different directional readouts: Energy +
1d, 2d and 3d directionality (red, blue, and green solid lines,
respectively). We considered a Xe-based experiment with
a recoil energy range from 5 keV to 100 keV, a 50 GeV/c2
WIMP mass, a signal purity of λ = 0.4, and an exponential
energy distribution for the isotropic background of 10 keV.
Small fluctuations in the results are due to the finite size of
the Monte Carlo simulations of 1000 samples.
2d readouts would, respectively, only require 2.5 and 1.8
times more exposure than the 3d case. Also, we can see
that such cross section is out of reach for a counting ex-
periment only, under such background considerations.
This clearly highlights the interest of pursuing the con-
struction of large scale directional detectors, especially
when the background can mimic the energy distribution
of a putative WIMP signal. Note that this is expected
to happen when upcoming experiments will be sensitive
to the neutrino background which can almost perfectly
mimic a WIMP signal, see [11, 12]. In such case, only
the directional information will help at probing dark
matter models beyond this neutrino background [54].
These results also suggest that, even though it is not
as optimal as a full 3d readout, a large scale 1d or 2d
sensitive detector could clearly extract a WIMP signal
from a highly background contaminated data sample
and therefore lead to significant dark matter discoveries.
Figure 4 shows the evolution of the number of required
WIMP events to reach a high significance detection
of dark matter as a function of the detector’s latitude
λlab for the three directional readouts and for similar
conditions as in Fig. 2 (right panel) at λ = 0.4. Note
that the results are similar for the North and the South
hemispheres (see Fig. 1), hence λlab is only taken be-
tween 0◦ and 90◦. As one can see, the required exposure
varies with the detector latitude by about a factor
of 2 and 1.4 for a 1d and a 2d readout, respectively.
Also, the optimal latitude for a 1d (2d) readout, when
considering the detector orientation as discussed above,
7is at λlab = 90
◦ (λlab = 0◦) when the z-axis is parallel
(perpendicular) to the Earth’s spin axis. For both cases,
such optimal orientations allow for an improved time
evolution of the angular distributions. Note that the
truly optimal detector’s orientation would be to have
the z-axis maintained parallel and perpendicular to
~vlab for the 1d and 2d readouts, respectively. However,
such configurations would require the detector to be
mounted onto a gyroscope, which seems challenging.
Interestingly, most underground laboratories have lati-
tudes |λlab| between 55◦ and 30◦, highlighting the need
for optimizing the detector’s orientation to improve its
sensitivity. It is worth noticing that these conclusions
are in agreement with previous works studying 2d
directional readouts [55, 56].
As a final study, we explored the impact of being able
to recover the sense of the recoil (±qˆ), the so-called
“Head-Tail” effect, on the discovery potential of direc-
tional experiments. We will only focus on this particular
experimental consideration as it has been shown to
have the largest impact on directional sensitivity in
previous studies [55, 56]. Figure 5 shows the evolution
of the required number of WIMP events to have a
90% probability to reach a 3σ discovery significance
as a function of the “Head-Tail” threshold for similar
conditions as in Fig. 2 (right panel) at λ = 0.4. The
“Head-Tail” efficiency curve is defined such that the
sense recognition is 100% (0%) efficient above (below)
its threshold. Therefore the full and null “Head-Tail” ca-
pabilities correspond to the case where the “Head-Tail”
threshold is equal to 5 keV and 100 keV, respectively.
For completeness, the results obtained by the different
directional readouts are compared to the “Energy only”
case, shown as the black dashed line. As one can see for
all three directional readouts, the number of required
WIMP events increases with the “Head-Tail” threshold
and eventually flattens out around 50 keV as almost
no WIMP events lie above such recoil energy. The
loss in sensitivity when no “Head-Tail” capabilities is
considered is about a factor of 6 for a 3d readout and
about a factor of 8 for both the 2d and 1d readouts.
These results suggest that not having sense recognition
down to the lowest recoiling energies is not excessively
penalizing, especially for heavy WIMP masses, as all
three directional readouts outperform the “Energy only”
case by at least a factor of 2. However, for light WIMPs,
it is obviously very important to be able to lower down
as much as possible the “Head-Tail” threshold.
The results presented above are quantitatively different
than from previous studies comparing 3d and 2d read-
outs [55, 56]. Indeed, in these works it was shown that a
loss of one order of magnitude in sensitivity was observed
when going from a 3d to a 2d readout. These previous
works were based on nonparametric statistical tests con-
sidering the marginalized angular distribution over time
and energy unlike here where we suggest to use all avail-
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FIG. 5: Number of WIMP events required to get a 3σ de-
tection in 90% of the experiment as a function of the Head-
Tail energy threshold for the three directional readouts: 1d
(red), 2d (blue) and 3d (green). Also shown for comparison
is the case of reading out only the energy of the events (black
dashed line). We considered a Xe-based experiment located
in Modane with a recoil energy range from 5 keV to 100 keV,
a 50 GeV/c2 WIMP mass, a signal purity of λ = 0.4, and an
exponential energy distribution for the isotropic background
of 10 keV. Small fluctuations in the results are due to the
finite size of the Monte Carlo simulations of 1000 samples.
able observables, including time and energy to improve
the discrimination between the WIMP and background
hypotheses (see Fig. 1). We have also shown that, even
when the energy on its own is not a good discriminator
(see Fig. 2 right panel), a 2d or 1d directional readout can
still bring sufficient discrimination power to reach a high
significance discovery without needing a huge increase in
exposure compared to the ideal 3d case. This is explained
by the fact that even if the energy on its own is not a
great discriminator, it is still of great help to discriminate
WIMP versus background by looking at the correlations
between the energy and the direction of the track which
are very different between these two hypotheses.
VI. CONCLUSION
We have examined the discovery reach of all possible
direct detection readout strategies that have access to
some or all of the observables that one can extract
from the expected WIMP signal: the number of WIMP-
induced recoils, their energy and directions. We have
shown that directionality is particularly valuable if
the residual background energy spectrum can closely
mimic the one from a possible WIMP signal. Note that
this is expected to happen when experiments will be
sensitive enough so that solar, atmospheric, and diffuse
supernova neutrinos will interfere with a potential
WIMP signal [11, 12]. In such case, we have shown that
even a 1d directional detector could greatly improve on
the discovery potential of an ”Energy only” experiment.
8Also, we have shown that 1d and 2d readouts are
only less efficient than a full 3d readout by about a
factor of 3 and ∼10 with and without sense recognition
capabilities. However, as 1d readouts based on columnar
recombination are not expected to be sensitive to the
sense of recoiling nucleus they will only improve on the
“Energy only” readout by about a factor of 2. But on
the other hand, such detection technique could easily
have sufficient target material to be competitive with
current large-scale dark matter detectors and suffer
much less from the irreducible neutrino background.
It is however worth emphasizing that, even though a
1d directional sensitivity could greatly help at convinc-
ingly detecting dark matter, a 3d readout would be
necessary to characterize its velocity distribution in our
vicinity and begin the era of “WIMP astronomy” [57–59].
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